We present the Large Hadron Collider (LHC) discovery potential in the Z ′ sector of a U (1) B−L enlarged Standard Model (that also includes three heavy Majorana neutrinos and an additional Higgs boson) for √ s = 7, 10 and 14 TeV centre-of-mass (CM) energies, considering both the
I. INTRODUCTION
The evidence for non vanishing (although very small) neutrino masses is so far possibly the only hint for new physics beyond the Standard Model (SM) [1] . It is noteworthy that the accidental U(1) B−L global symmetry is not anomalous in the SM with massless neutrinos, but its origin is not well understood. It thus becomes appealing to extend the SM to explain simultaneously the existence of both (i.e., neutrino masses and the B − L global symmetry) by gauging the U(1) B−L group thereby generating a Z ′ state. This requires that the fermion and scalar spectra are enlarged to account for gauge anomaly cancellations.
The results of direct searches constrain how this may be done [2] [3] [4] [5] [6] . Minimally, this requires the addition of a scalar singlet and three right-handed neutrinos, one per generation [7, 8] , which could dynamically trigger the see-saw mechanism explaining the smallness of the SM neutrino masses [9] . Within this model, the masses of the heavy neutrinos are such that their discovery falls within the LHC reach in a large portion of parameter space [10, 11] .
Recently, a plethora of papers have been published studying the phenomenology of the B − L model at colliders. They have dealt with the detectability of the Z ′ at the LHC [10, [12] [13] [14] [15] and at a future Linear Collider (LC) [16, 17] , some analyses concentrating on the Z ′ decaying via heavy neutrinos, in particular into three [10] and four [11] leptons in the final state, with distinctive displaced vertices due to long lived neutrinos, a clear signature of physics beyond the SM. Also, the testability at the LHC of the see-saw mechanism in this model has been evaluated in detail [18] .
In general, studies of this model focus on a specific non-disfavoured point in the parameter space and do not perform a systematic analysis of the entire space. The Z ′ B−L boson is also not always considered as a traditional benchmark for generic collider reach studies [2, 12, 19, 32] or data analysis [4] [5] [6] . We have therefore performed a (parton level) discovery integrated luminosities that we considered are up to 1 fb −1 for both 7 TeV and 10 TeV, and 100 fb −1 for 14 TeV. We also included a comparison with the Tevatron reach for its expected −1 of integrated luminosity. We chose to study the di-lepton channel (both electrons and muons), the cleanest and most sensitive Z ′ boson decay channel in our model at colliders.
This work is organised as follows. Section II describes the B − L model under consideration. Section III illustrates the computational techniques adopted. The results are presented in sections IV and V for the Z ′ boson sector. Finally, the conclusions are given in section VI.
II. THE MODEL
The model under study is the so-called "pure" or "minimal" B −L model (see ref. [10] for conventions and references) since it has vanishing mixing between the U(1) Y and U(1) B−L gauge groups. In the rest of this paper we refer to this model simply as the "B − L model".
In this model the classical gauge invariant Lagrangian, obeying the SU(3) C × SU(2) L × U(1) Y × U(1) B−L gauge symmetry, can be decomposed as:
The non-Abelian field strengths in L Y M are the same as in the SM whereas the Abelian ones can be written as follows:
where
In this field basis, the covariant derivative is:
The "pure" or "minimal" B − L model is defined by the condition g = 0, that implies no mixing between the B − L Z ′ and SM Z gauge bosons.
The fermionic Lagrangian (where k is the generation index) is given by The scalar Lagrangian is:
with the scalar potential given by
where H and χ are the complex scalar Higgs doublet and singlet fields, respectively.
Finally, the Yukawa interactions are:
where H = iσ 2 H * and i, j, k take the values 1 to 3, where the last term is the Majorana contribution and the others the usual Dirac ones.
Neutrino mass eigenstates, obtained after applying the see-saw mechanism, will be called ν l and ν h , where the first are the SM-like ones. With a reasonable choice of Yukawa couplings, the heavy neutrinos can have masses
. In such a case, the decay of the Z ′ B−L gauge boson into pairs of heavy neutrinos is allowed, therefore modifying quantitatively all the other decay channels. The corresponding Branching Ratio (BR) depends upon both heavy neutrino and Z ′ B−L masses and can reach up to ∼ 18%, while BR(Z ′ → ℓ + ℓ − ) varies between 12.5% and 15.5% (ℓ = e, µ). For a more exhaustive explanation, see ref. [10] . To be definite, the following analysis has been done for degenerate heavy neutrino masses with m ν 1
GeV, value that can lead to an interesting phenomenology [10] 1 .
1 Although they do not modify the Z ′ boson properties significantly, for completeness we state here also
An important feature of the Z ′ gauge boson in the B − L model is the chiral structure of its couplings to fermions: since the B −L charges do not distinguish between left-handed and right-handed fermions, the B −L neutral current is purely vector-like, with a vanishing axial part 2 . As a consequence, we decided not to study the asymmetries of the decay products stemming from Z ′ B−L boson, given their trivial distribution at the peak, the region we study here. However, asymmetries become important in the interference region, especially just before the Z ′ boson peak, where the Z − Z ′ interference will effectively provide an asymmetric distribution somewhat milder than the case in which there is no Z ′ boson. This is a powerful method of discovery and identification of a Z ′ boson and it will be reported on separately.
III. COMPUTATIONAL DETAILS
The study we present in this paper has been performed using the CalcHEP package [24] .
The model under discussion had been implemented in this package using the LanHEP tool [25] , as already discussed in Ref. [10] .
The process we are interested in is di-lepton production. We define our signal as
, i.e., all possible sources together with their mutual interferences, and the background as pp → γ, Z → ℓ + ℓ − (ℓ = e, µ), i.e., SM Drell-Yan production (including interference). No other sources of background, such as W W , ZZ, W Z, or tt have been taken into account. These can be suppressed or/and are insignificant [4, 32] . For both the signal and the background, we have assumed standard acceptance cuts (for both electrons and muons) at the LHC:
and we apply the following requirements on the di-lepton invariant mass, M ℓℓ , depending on whether we are considering electrons or muons. We distinguish two different scenarios:
an "early" one (for √ s = 7, 10 TeV) and an "improved" one (for √ s = 14 TeV), and, in the chosen scalar masses and mixing angle: m h1 = 125 GeV, m h2 = 450 GeV and α = 0.01. Such values are allowed by the study of the unitarity bound [22] , as well as of the triviality bound [23] , of the scalar sector.
On the contrary, Majorana neutrinos have pure axial couplings [18] .
computing the signal significances, we will select a window as large as either one width of the Z ′ B−L boson or twice the di-lepton mass resolution 3 , whichever the largest. The half windows in the invariant mass distributions respectively read, for the "early scenario":
muons:
and for the "improved scenario":
Our choice reflects the fact that what we will observe is in fact the convolution between the Gaussian detector resolution and the Breit-Wigner shape of the peak, and such convolution will be dominated by the largest of the two. Our approach is to take the convolution width exactly equal to the resolution width or to the peak width, whichever is largest 4 , and to count all the events within this window. Finally, only 68% of signal events are considered:
intrinsically, when the the peak width is dominating, effectively (by rescaling the signal),
otherwise.
In figure 1 we compare the LHC resolutions for electrons for the two aforementioned scenarios (eqs. (11) and (13)) with Γ Z ′ /2. It is clear that, whichever the Z ′ B−L mass, for a value of the coupling g ′ 1 smaller than roughly 0.4, the peak will be dominated by the early experimental resolution, i.e., the half window will contain an amount of signal as big as the one produced with |M ℓℓ − M Z ′ | = Γ Z ′ /2. The region of interest in the parameter space we are going to study almost always fulfils the condition g ′ 1 < 0.4, as we will see from the plots in the following section. The muon resolution is much worse and in such a plot it would be an order of magnitude higher than the other curves. Hence, for this final state, the peak is always dominated by the experimental resolution, for the values of the gauge coupling 3 We take the CMS di-electron and di-muon mass resolutions [26, 32] as a typical LHC environment. ATLAS resolutions [27] do not differ substantially. 4 In details, for resolutions below Γ/2, we take the convolution equal to the resolution width. For resolutions above 3Γ, we take the convolution equal to the peak width. When the resolution ∈ [Γ/2, 3Γ], the convolution is taken as a linear interpolation between the two regimes.
we are considering. Moreover, the better resolution for the electron channel means that the sensitivity of this channel will always be better than (or equal to) the muon channel. In the next section we will compare the LHC and Tevatron discovery reach. In the derivation of the experimental constraints, we refer to the latest publications, being the DØ analysis of Ref. [4] for the electron case and the CDF analysis of Ref. [5] for the muon final state. Hence, we have considered the typical acceptance cuts (for electrons and muons) for the respective detector:
CMS res (2%
and the following requirements on the di-lepton invariant mass, M ℓℓ , depending on whether we are considering electrons or muons 5 :
The selection of an invariant mass window centred at the Z ′ boson mass is comparable to the standard experimental analysis, as in Ref. Since the background (in proximity of the narrow resonance) can be reasonably thought of as flat, while the signal is not, the procedure we propose enhances the signal more than the background and it is expected to be more sensitive. Reference [5] applies a different strategy and figure 3a shows that our procedure is comparable, although less involved. A Bayesian approach is being used at the LHC [29] , similar to the CDF case. Hence, we present our results for a comparison 'a posteriori'.
In our analysis we use a definition of signal significance σ, as follows. In the region where the number of both signal (s) and background (b) events is "large" (here taken to be bigger than 20), we use a definition of significance based on Gaussian statistics:
Otherwise, in case of smaller statistics, we used the Bityukov algorithm [30] , which basically uses the Poisson distribution instead of the approximate Gaussian one.
Finally, as in [10, 17] , we used CTEQ6L [31] as default Parton Distribution Functions (PDFs), evaluated at the scale
ℓℓ . The leading order (LO) cross sections are multiplied by a mass independent k−factor of 1.3 [2] , both for the cross sections evaluated at the Tevatron (as in Refs. [4] [5] [6] ) and at the LHC (as in Ref. [29] 6 ), to get in agreement with the Next-to-Next-to-Leading-Order (NNLO) QCD corrections.
Typical detector resolution has effectively been taken into account by our procedure, that consists in counting all the events that occur within the window (in invariant mass) 5 We take the DØ di-electron [28] and the CDF di-muon [5] mass resolutions as a typical Tevatron environment, in accordance with the most up-to-date limits. 6 Notice that in Ref. [29] the k-factor used was mass-dependent. Here we use the average value.
previously described, and by rescaling to 68% the signal events when the peak is dominated by the experimental resolution. Nonetheless, our simulation does not account for Initial State Radiation (ISR) effects. ISR can have two main sources: QED-like ISR (i.e., photon emission), that has the effect of shifting the peak and of creating a tail towards smaller energy, and QCD-like ISR (i.e., gluon emission), that has similar effects and might also induce trigger issues in the intent of removing backgrounds (e.g., by cutting on final state jets).
Although we are aware of such effects, we believe that their analysis goes beyond the scope of this paper and it will be reported on separately. Altogether, we are confident that, while particular aspects of our analysis may be sensitive to such effects, the general picture will not depend upon these substantially (see section III A). Also, the only background considered here was the irreducible SM Drell-Yan. Reducible backgrounds, photon-to-electron conversion, efficiencies in reconstructing electrons/muons, jets faking leptons etc., whose overall effect is to deplete the signal, were neglected (being tt the most important source, at the level of 10%). However, for this analysis they are not quantitatively important [4, 20, 32] .
The net effect of the factors above is usually regarded as an overall reduction of the total acceptance, being the lepton identification the most important source, about 80 ÷ 90% per each lepton. We comment on this in the conclusions.
A. Validation
We can now quantitatively compare our simulation to the literature. Ref.
[6] contains a comprehensive analysis of expected backgrounds for several Z ′ boson masses 7 at 3.6 fb −1 of integrated luminosity. Table I shows the comparison of our expectations with theirs, based on table II in [6] , where the compatibility is, as usual, defined as:
It is clear that our simulation is reasonable despite the lack of detector simulation, since it reproduces the DØ backgrounds within two standard deviations. Nonetheless, the limits extracted from these data are quite looser compared to those we will derive in the next section, therefore we will not show them.
IV. Z ′ BOSON SECTOR: DISCOVERY POWER
In this section we determine the discovery potential of the LHC considering several centerof-mass (CM) energies, 7, 10 and 14 TeV, using the expected integrated luminosities. In the following subsection we present the latest available experimental constraints and we compare our results for the LHC to the expected ultimate reach at the Tevatron, for ∼ 10 fb
The production cross sections for the process figure 2 . Note that although at the Tevatron the production cross section is smaller than at the LHC, the integrated luminosities we are considering here for the LHC at 7 and 10 TeV A. LHC at
The first years of the LHC work will be at a CM energy of 7 TeV, where the total integrated luminosity is likely to be of the order of 1 fb −1 . Figure 3 shows the discovery potential under these conditions, as well as the most recent limit from LEP [3] :
and from the Notice that the Tevatron excluded area are based on the actual data, while the dot-dashed 2σ curves are our theoretical curves. Thus, if from the one side theory cannot reproduce experiments, from the other side we are comparing two methods of extracting the results.
As mentioned previously, figure 3 shows that the procedures used in experimental analyses for the electron channel [4, 6] are not quite optimised for maximizing the signal significance.
The alternative analysis described in this work has the potential to improve sensitivities and can be easily developed even further.
It is then clear that the Tevatron will still be competitive with the LHC (for
TeV CM energy), especially in the lower mass region where the LHC requires 1 fb −1 to be sensitive to the same couplings as the Tevatron. The LHC will be able to probe, at 5σ level, TeV, again at 5(3)σ and for electrons and muons, respectively, for a suitable choice of the coupling.
As we can see in figure 6 , 75(110) pb −1 of data is the minimum integrated luminosity required to access the coupling g For illustrative purposes, we choose several benchmark points on the 3σ and 5σ lines for 
(21) (LEP bounds, in black) and table II (Tevatron bounds, in red)
. especially for muons), only in the case of electrons and for high masses one could appreciate the Breit-Wigner shape of the peak, which instead will appear as a single bin for most of the parameter space along the 3σ and 5σ lines if looking at muons in the final state. Bare in mind though that this statement holds just for the minimal conditions, for sets of masses and couplings that minimally allow for the observation/discovery of the Z ′ B−L gauge boson. As the width increases quadratically with the coupling g ′ 1 (for fixed masses), it is expected that for significances bigger than the lowest appreciable one the peak will broaden significantly, especially for large masses. It is also expected that the width could be accessed for smaller masses by using electrons in the final state, as their resolution is much better than that of muons, thus allowing the natural width to show up at smaller values of the couplings (at fixed mass).
We consider here the design performance, i.e., √ s = 14 TeV of CM energy with large luminosity, L = 100 fb −1 . Figure 8 show the discovery potential for the Z . After some years of data analysis, the performances of the detector will be better understood. We therefore use the resolutions for both electrons and muons quoted in eqs. (13) and (14), respectively. cannot be accessed with muons. The mass region that can be covered extends towards 5
TeV irrespectively of the final state.
As before, figure 9 shows the integrated luminosity required for 3 (5) 
V. Z ′ SECTOR: EXCLUSION POWER
If no evidence for a signal is found at the LHC at any energy and luminosity configurations, 95% C.L. exclusion limits can be derived: in the following subsections we present exclusion plots for each stage of the LHC CM energy. We also show the expected exclusions at the Tevatron for L = 10 fb −1 .
We start by looking at the 95% C.L. limits presented in figure 12 for the Tevatron and for this stage of the LHC (for 10 fb −1 and 1 fb −1 of integrated luminosity, respectively).
One can see that the different resolutions imply that the limits derived using electrons are always more stringent than those derived using muons in excluding the Z ′ B−L boson. As for the discovery reach, the Tevatron is also competitive in setting limits, especially in the table II (Tevatron bounds, in red for electrons and in green for muons). TeV.
We are overall confident that the inclusion of further background, as well as a realistic detector simulation, will not have a considerable impact on the results we presented. In fact, as noted in section III, all detector effects can be casted in the form of a signal acceptance, including also the effect of kinematic and angular acceptance cuts. By looking at Refs. [4, 5, 29] , we estimate an overall acceptance factor of ∼ 70%, which we found to be approximately constant over the mass regions considered, to be applied to our parton level results [once the cuts of eqs. (10) and (15) When the data from the high energy runs at the LHC become available, the discovery reach of Z ′ B−L boson will be extended towards very high masses and small couplings in regions of parameter space well beyond the reach of the Tevatron and comparable in scope with those accessible at a future LC [17] .
If no evidence is found at any energies, 95% C.L. limits can be derived, and, given their better resolution, the bounds from electrons will be more stringent than those from muons, especially at smaller masses.
While this work was in progress, other papers dealing with the discovery power at the LHC for the Z ′ B−L boson appeared, for CM energies of 7, 10 [15] and 14 TeV [14] , as well as for other popular Z ′ boson models. Our results broadly agree with those therein.
